INTRODUCTION
============

DNA double-strand break (DSB) is one of the most critical DNA lesions, which can be generated by either endogenous process during programmed recombination events or exposure to exogenous sources of genotoxic agents, such as ionizing radiation (IR) and some chemotherapeutics ([@R1], [@R2]). Nonhomologous end joining (NHEJ) and homologous recombination (HR) are the two major pathways to repair DSBs in mammalian cells ([@R1]). DSB is rapidly sensed and bound by the Ku heterodimer (Ku70 and Ku80) in a sequence-independent manner to protect the DSB ends ([@R3]). After binding to the site of DNA damage, the Ku heterodimer quickly recruits the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) and initiates the end processing of DNA DSBs. Then, DNA-PKcs is phosphorylated and activated to function in NHEJ ([@R4]). DNA-PKcs can be phosphorylated at more than 40 sites upon DNA damage, which favors the initial processing of DNA ends by Artemis ([@R5]). DSBs can also be recognized by the MRE11-RAD50-NBS1 (MRN) complex, which promotes the activation of ataxia telangiectasia mutated (ATM) and the preparation of DNA for the HR pathway via EXO1-executing end resection to form the end of single-stranded DNA (ssDNA) ([@R6]). The long ssDNA overhangs are quickly coated by replication protein A (RPA), and the RPA-coated ssDNA then recruits DNA damage checkpoint kinases to trigger the DNA damage checkpoint arrestment ([@R7]). Strand invasion happened after displacement of RPA from the ssDNA ends by RAD51, which is mediated by BRCA2 ([@R8]).

The repair pathway choice between NHEJ and HR is coordinated throughout the cell cycle ([@R9]). NHEJ is assumed active in all phases of the cell cycle, while HR in eukaryotic cells is regulated during the cell cycle to occur most efficiently during the late S and G~2~ phases when sister chromatid DNAs are present as the template to mediate HR repair ([@R10], [@R11]). DSB repair pathway choice is a tightly regulated process and is influenced by many factors, including the cell cycle status, DNA end resection, and the epigenetic context, and its executing mechanism is not fully revealed ([@R12], [@R13]). As a classic NHEJ factor, DNA-PKcs was also reported to directly inhibit DSB end resection of the HR pathway by actively blocking the DSB ends ([@R14]) and by preventing the recruitment of EXO1. Recently, we reported that an increased expression level of RBX1, a modulator of the Skp1--cullin1--F-box ubiquitin ligase, prompts the degradation of EXO1 to limit the HR pathway of DNA DSB repair in G~1~ phase, while the increased autophosphorylation of DNA-PKcs at S2056 is responsible for the higher expression level of the RBX1 in the G~1~ phase. Targeting the HR repair pathway is an emerging strategy for cancer therapy, such as the small molecules that target the MRN complex, poly(adenosine diphosphate--ribose) polymerase (PARP) inhibitors, and chemical inhibitors of Rad51 ([@R15]). However, most of these inhibitors have low potency or selectivity in cancer therapy. Therefore, extensive efforts to identify the mechanism of the HR and NHEJ pathway choice will benefit more patients from these strategies.

TIP60 was first identified as a 60-kDa protein associated with the HIV Tat protein, and the role of chromatin histone acetylation by histone acetyltransferases (HATs) in transcriptional regulation has been well established ([@R16]). In addition to the HAT activity, the TIP60-NuA4 complex also has adenosine triphosphatase (ATPase), DNA helicase, and structural DNA binding activities ([@R17]). This protein is a histone acetylase that has a role in DNA repair and apoptosis and is thought to play important roles in signal transduction ([@R18]). As long as DNA DSB occurs, TIP60-catalyzing acetylation of histones H3, H4, and γH2AX could then induce chromatin relaxation and remodeling ([@R19], [@R20]). Besides, TIP60 is also known to interact with the members of the phosphatidylinositol 3-kinase--related kinase (PIKK) family, such as ATM and DNA-PKcs, and stimulates their kinase activity through its acetylase activity ([@R21]). SUMOylation of TIP60 HAT is also a key component of the signal transduction pathway that links the detection of DNA lesion to the activation of the p53-dependent cell cycle checkpoint and autophagy ([@R22], [@R23]).

SUMOylation has attracted increasing attention as a main form of protein posttranslational modification (PTM). This PTM exists in almost all eukaryotes and is essential for the maintenance of genomic integrity, transcriptional regulation, gene expression, and the regulation of intracellular signal transduction ([@R24]). Small ubiquitin-like modifier (SUMO) modification has been found in many DNA damage response (DDR)--related proteins, including BRCA1, 53BP1, PCNA, XPC, Rad52, BLM, and Ku70 ([@R1], [@R24], [@R25]). It has been reported that PIAS1- and PIAS4-mediated SUMOylation of BRCA1 and 53BP1 promotes their recruitment to DNA damage sites. SUMOylation of RPA1 was suggested to promote HR by facilitating the recruitment of RAD51 ([@R26]). Moreover, SUMO1 and SUMO2/3 are detected in IR-induced foci (IRIF), laser-induced DNA damage, and Lac arrays harboring DSBs and can be precipitated from damaged chromatin ([@R27]). However, the function of most PTM by SUMO in DDR is far from expounded.

In the present study, we sought to explore the mechanism regulating the interaction of TIP60 and DNA-PKcs and its role in the decision-making process underpinning DNA repair pathway choice in association with cell cycle phase. Using a coimmunoprecipitation (Co-IP) assay, we identified the interaction between TIP60 and DNA-PKcs, but not ATM, and this interaction was attenuated in S phase. The interaction change was regulated by PIAS4-mediated TIP60 K430 SUMO2 modification. TIP60 K430R mutant could enhance DNA-PKcs S2056 phosphorylation to promote NHEJ in S phase while impairing HR. TIP60 K430R mutant cancer cells are highly sensitive to DNA damage stress and PARP inhibitor (PARPi). Together, we provide new insights into the molecular mechanisms that control DNA repair pathway choice and the potential application to tumor therapy.

RESULTS
=======

The interaction between DNA-PKcs and TIP60 is abated in S phase
---------------------------------------------------------------

The action of TIP60 in the activation of both ATM and DNA-PKcs in response to DNA damage is a key component of the DNA damage--signaling transduction ([@R1], [@R21]), whereas the function of the TIP60--DNA-PKcs/ATM network in DNA damage repair, especially its coordination with the cell cycle process, is not clear. To investigate whether the TIP60-mediated DNA-PKcs or ATM activity network in the DDR is associated with cell cycle progression, we first performed the Co-IP assay with an antibody against TIP60 using chromatin-free cell extracts from HeLa cells to detect the interaction between TIP60 and DNA-PKcs or ATM in the different cell cycle phases of synchronized cells ([Fig. 1, A and B](#F1){ref-type="fig"}). We found that the interaction of TIP60 with DNA-PKcs, but not ATM, decreased markedly in S-phase cells ([Fig. 1B](#F1){ref-type="fig"}). Vice versa, Co-IP assay with an antibody against DNA-PKcs also showed the interaction of DNA-PKcs and TIP60 attenuated in S phase ([Fig. 1C](#F1){ref-type="fig"}).

![The interaction of DNA-PKcs and TIP60 is abated in S phase.\
(**A**) Representative flow cytometric histograms of the synchronized HeLa cells by double blockage of thymidine method. (**B**) Co-IP assays were performed with TIP60 antibody to test the interaction between TIP60 and DNA-PKcs or ATM. Cyclin A2 was used as an S-phase marker. The efficiency of synchronization was monitored by flow cytometry. (**C**) Co-IP assays were performed with DNA-PKcs antibody to check the interaction between TIP60 and DNA-PKcs in different cell cycle phases of HeLa cells. (**D**) Co-IP was performed to determine the essential region of DNA-PKcs for its interaction with TIP60. Upper panel: Schematic representation of different DNA-PKcs truncated mutants. Lower panel: HEK-293T cells were transiently transfected with the indicated constructs for 30 hours, then cell lysates were immunoprecipitated with anti-Flag affinity gel, and Western blotting was performed with indicated antibodies. (**E**) GST pull-down assay of DNA-PKcs H domain (AA3540-4128) for detecting its interaction with TIP60. (**F**) GST pull-down assay of TIP60 for detecting its interaction with DNA-PKcs antibody. (**G**) GST pull-down assay of DNA-PKcs H domain for detecting its interaction with TIP60 in different phases of the cell cycle.](aba7822-F1){#F1}

We next tested which position of DNA-PKcs is responsible for interacting with TIP60 by expressing a series of truncation mutants of DNA-PKcs in human embryonic kidney (HEK)--293T cells ([Fig. 1D](#F1){ref-type="fig"}, upper panel). We found that the DNA-PKcs C-terminal H domain (AA3540-4128) is responsible for its binding of TIP60 ([Fig. 1D](#F1){ref-type="fig"}, lower panel). A direct interaction between TIP60 and this C-terminal fragment was confirmed by glutathione *S*-transferase (GST) pull-down assay ([Fig. 1E](#F1){ref-type="fig"}). When the TIP60 protein expressed in *Escherichia coli* was used to perform the GST pull-down test of DNA-PKcs, to our surprise, there was no cell cycle--dependent alteration on the interaction of TIP60 and DNA-PKcs ([Fig. 1F](#F1){ref-type="fig"}). However, when we used the C-terminal AA3540-4128 (H domain) of DNA-PKcs expressed in *E. coli* BL21 to perform the GST pull-down assay again, its interaction was attenuated markedly with the TIP60 protein in the extract from the S-phase HeLa cells ([Fig. 1G](#F1){ref-type="fig"}). This suggested that the interaction abated in the S phase of human cells between TIP60 and DNA-PKcs could be dependent on the PTM of TIP60 that cannot occur in the *E. coli*, but not DNA-PKcs.

TIP60 K430 SUMO2 modification is responsible for the attenuation of its interaction with DNA-PKcs in S phase
------------------------------------------------------------------------------------------------------------

We next tested which region of TIP60 is responsible for its interaction with DNA-PKcs by expressing TIP60 wild-type (WT) or its truncated or deleted mutants in HEK-293T cells ([Fig. 2A](#F2){ref-type="fig"}). The TIP60 mutant T5 (deletion of residues AA404--471) lost the interaction with DNA-PKcs ([Fig. 2B](#F2){ref-type="fig"}). A direct interaction between the fragment AA404--471 of TIP60 expressed in BL21 *E. coli* and DNA-PKcs was confirmed by GST pull-down assay ([Fig. 2C](#F2){ref-type="fig"}). According to the database, we found that there are two potential SUMOylation sites in the region of AA404--471: K430 and K451 ([@R22], [@R23]). Then, the TIP60 K430R or K451R and TIP60 K430R or K451R mutants were constructed. Whether these two sites are responsible for the interaction of TIP60 with DNA-PKcs was tested by expressing TIP60 and these mutants in HEK-293T cells. As shown in [Fig. 2D](#F2){ref-type="fig"}, the decreased interaction of TIP60 and DNA-PKcs in S phase was reverted in K430R mutant. This result indicated that the K430 site, but not the K451 site, is responsible for the attenuated interaction of TIP60 and DNA-PKcs, specifically in S-phase cells ([Fig. 2D](#F2){ref-type="fig"}).

![Identification of TIP60 K430 site SUMO2 modification is responsible for the attenuation of TIP60--DNA-PKcs interaction in S phase.\
(**A**) Schematic representation of different TIP60 mutants and the minimum interaction region. (**B**) Co-IP assay was performed to determine the essential regions of TIP60 protein to interact with DNA-PKcs. HEK-293T cells were transiently transfected with the indicated constructs for 30 hours. Cell lysates were immunoprecipitated with anti-Flag affinity gel, and Western blot was performed with indicated antibodies. (**C**) GST pull-down assay of TIP60 AA404--471 to detect its interaction with DNA-PKcs. (**D**) Co-IP was performed to determine the sites of TIP60 protein essential for the TIP60--DNA-PKcs interaction. HEK-293T cells were transiently transfected with the indicated Flag-tagged TIP60 mutant constructs for 30 hours. Cell lysates were immunoprecipitated with anti-Flag affinity gel, and Western blot was performed with indicated antibodies. (**E**) GST pull-down assay of DNA-PKcs H domain and TIP60 K430R mutant using the indicated proteins expressed in bacteria. (**F**) HEK-293T cells were transiently transfected with indicated plasmids and synchronized to different phases of the cell cycle. Cells were lysed, and SUMOylated TIP60 proteins were pulled down using Flag beads and detected by Western blotting. (**G**) HEK-293T cells were transiently transfected with indicated plasmids for 36 hours. Cells were lysed, and SUMOylated TIP60 proteins were pulled down and detected by Western blotting.](aba7822-F2){#F2}

Then, GST pull-down assay was performed by using the DNA-PKcs H domain (C-terminal AA3540-4128 fragment) expressed in BL21 *E. coli* to confirm the above result. Obviously, in contrast to the TIP60 WT as shown in [Fig. 1G](#F1){ref-type="fig"}, the interaction between the DNA-PKcs H domain and TIP60 K430R mutant showed no difference in different phases of the cell cycle ([Fig. 2E](#F2){ref-type="fig"}); this further implied that the decreased interaction between DNA-PKcs and TIP60 in S phase is associated with the PTM of TIP60 protein at the K430 site.

Although the K430 and K451 site was previously reported to be modified by SUMO1 ([@R23]), it is important to figure out whether this S phase--dependent SUMOylation of TIP60 is modified by either SUMO1 and SUMO2 or both. To identify whether and which SUMO modification is responsible for the TIP60 and DNA-PKcs interaction regulation, we detected the TIP60 SUMO1 and SUMO2 modification status in different phases of the cell cycle. We found that SUMO2 modification of TIP60, but not SUMO1, was increased markedly in S phase ([Fig. 2F](#F2){ref-type="fig"}). Immunofluorescence assays were performed to determine whether SUMO2 modification of TIP60 is associated with DNA damage or not. The results showed that TIP60 colocalized with SUMO-activating enzyme subunit 2 (SAE2), SUMOylation E2 conjugase UBC9, and SUMO2 in cells either with and without irradiation (fig. S1, A and B). It has also come to our attention that TIP60 partially displays speckle distribution in the cells even without irradiation. TIP60 was previously reported to be recruited to the promyelocytic leukemia (PML) nuclear body (NB) by the PML3 isoform, which was assumed to protect TIP60 from Mdm2-mediated degradation ([@R28]). We coexpressed the green fluorescent protein (GFP)--TIP60 and red fluorescent protein (RFP)--tagged PML isoform PML IV in the cells and also found that TIP60 colocalized in PML NB with PML IV protein (fig. S2A). Obviously, after irradiation, TIP60 colocalized at the IRIF with γH2AX, a marker of radiation-induced DSB (fig. S2B). These data indicated that the SUMO2 modification status of TIP60 was mainly associated with cell cycle in the presence or absence of DNA damage, whereas the cellular distribution of TIP60 may change with the alterations of growing conditions, e.g., the stress of genotoxic exposure. Our data showed that only the TIP60 K430 site is responsible for the TIP60 and DNA-PKcs interaction regulation. Then, we investigated whether K430 or K451 is the SUMO2 modification site of TIP60. The result showed that, different from SUMO1 modification, the SUMO2 modification mainly occurs at the K430 site ([Fig. 2G](#F2){ref-type="fig"}).

PIAS4 is the E3 ligase and SENP3 is the deSUMOylation enzyme of TIP60 K430 site SUMO2 modification
--------------------------------------------------------------------------------------------------

To identify the E3 ligase and deSUMOylation enzyme of TIP60 SUMO2 modification, we knocked down the different SUMOylation E3 ligases or deSUMOylation enzymes along with overexpression of Flag-TIP60 and HA-SUMO2 in 293T cells and then performed the immunoprecipitation assays. The data showed that knockdown of E3 ligase PIAS4 decreased TIP60 SUMOylation ([Fig. 3A](#F3){ref-type="fig"}), and overexpression of the deSUMOylation enzyme SENP3 also markedly decreased TIP60 SUMOylation ([Fig. 3B](#F3){ref-type="fig"}). Co-IP assay results showed that TIP60 interacts with both PIAS4 and SENP3 ([Fig. 3, C and D](#F3){ref-type="fig"}). TIP60 was also shown to colocalize with PIAS4 in cells either with or without irradiation (fig. S3).

![Identification of PIAS4 as the E3 ligase and SENP3 as the deSUMOylation enzyme of TIP60 SUMO2 modification.\
(**A**) 293T cells were transiently transfected with the indicated plasmids and siRNAs against PISA1 to PISA4 or HDAC4 or HDAC7. Cells were lysed, and SUMOylated TIP60 proteins were pulled down using Flag beads and detected by Western blotting. (**B**) 293T cells were transiently transfected with indicated plasmids expressing Flag-TIP60, HA-SUMO2, and SENP1 or SENP2/SENP3/SENP4/SENP5/SENP6. Cells were lysed, and SUMOylated TIP60 proteins were pulled down using Flag beads and detected by Western blotting. (**C** and **D**) 293T cells were transiently transfected with indicated plasmids. Thirty-six hours after transfection, cells were lysed, and Co-IP assays were performed with indicated antibodies and then detected by Western blotting. (**E**) 293T cells were transiently transfected with indicated plasmids and siRNAs against PISA4. SUMOylated TIP60 proteins were pulled down from cellular lysates using Flag beads and detected by Western blotting. (**F**) 293T cells were transiently transfected with indicated plasmids and siRNAs against SENP3. SUMOylated TIP60 proteins were pulled down from cellular lysates using Flag beads and detected by Western blotting.](aba7822-F3){#F3}

To further confirm the identification results, we knocked down PIAS4 or SENP3 with different small interfering RNAs (siRNAs) and performed the rescue tests by overexpressing the indicated PIAS4 siRNA1--resistant or SENP3 siRNA1--resistant rescuing proteins. The results indicated that the PIAS4 siRNA--mediated decrease of TIP60 SUMO2 modification could be recovered by expressing PIAS4-siRes ([Fig. 3E](#F3){ref-type="fig"}). The SENP3 siRNA--mediated increase of TIP60 SUMO2 modification could be down-regulated by also expressing the rescuing protein SENP3-siRes ([Fig. 3F](#F3){ref-type="fig"}). These results confirm that PIAS4 and SENP3 are the E3 ligase and deSUMOylation enzyme of TIP60 K430 SUMOylation, respectively.

TIP60 K430 SUMOylation blocks its interaction with DNA-PKcs directly in S-phase cells both in vitro and in vivo.
----------------------------------------------------------------------------------------------------------------

To test whether TIP60 K430 SUMOylation directly blocks the TIP60--DNA-PKcs interaction, in vitro SUMOylation, deSUMOylation, and pull-down assay were performed. As shown in [Fig. 4A](#F4){ref-type="fig"}, PIAS4 SUMOylates TIP60 WT (lane 6), but not TIP60 K430 mutant (lane 8), and SENP3 can deSUMOylate TIP60 (lane 7) in vitro. On the basis of in vitro SUMOylation and deSUMOylation assays, the GST pull-down assay was conducted by using the GST or GST--DNA-PKcs H domain protein expressed in and purified from *E. coli*. The result indicated that TIP60 K430 SUMOylation blocked its interaction with DNA-PKcs directly in vitro ([Fig. 4B](#F4){ref-type="fig"}, lane 3). Besides, as shown in [Fig. 4C](#F4){ref-type="fig"}, knockdown of PIAS4 recovered the interaction of TIP60 and DNA-PKcs in S-phase cells. When the suppressed PIAS4 was recovered by expressing the PIAS4-siRNA1 resistant (PIAS4-siRes) protein, the PIAS4 knockdown--mediated alteration of the TIP60--DNA-PKcs interaction in S-phase cells was reverted again. Furthermore, the attenuation of TIP60 and DNA-PKcs binding in S-phase cells was also recovered by overexpressing SENP3, which can abate TIP60 SUMOylation ([Fig. 4D](#F4){ref-type="fig"}). These data strongly support that TIP60 K430 SUMOylation could block its interaction with DNA-PKcs directly both in vitro and in vivo.

![TIP60 K430 SUMOylation blocks its interaction with DNA-PKcs in S-phase cells both in vitro and in vivo.\
(**A**) PIAS4 SUMOylates and SENP3 deSUMOylates TIP60 in vitro. Workflow of the in vitro assay (upper panel). Briefly, His-TIP60 WT and His-TIP60 K430R expressed and purified from *E. coli* were used as substrates, and His-PIAS4 and His-SENP3 expressed and purified from *E. coli* were used as enzymes. The in vitro SUMOylation assay was performed, followed by in vitro deSUMOylation assay, as described in Materials and Methods. Samples were separated by SDS-PAGE and blotted with indicated antibodies. (**B**) PIAS4 mediates SUMOylation and SENP3 mediates deSUMOylation of TIP60 K430, which is essential for the binding of TIP60 and DNA-PKcs. Workflow of the in vitro assay (upper panel). Briefly, after in vitro SUMOylation and deSUMOylation assay, the samples were incubated with GST or GST--DNA-PKcs H domain for pull-down assay, and then samples were detected by Western blotting with indicated antibodies. (**C** and **D**) 293T cells were transiently transfected with indicated plasmids and siRNAs. Then, the synchronized or unsynchronized S-phase cells were lysed. Co-IP assay was performed with indicated antibodies. Then, samples were detected by Western blotting with indicated antibodies.](aba7822-F4){#F4}

TIP60 K430 SUMO2 modification facilitates HR pathway of DNA DSB repair in association with inhibition of DNA-PKcs S2056 phosphorylation
---------------------------------------------------------------------------------------------------------------------------------------

To understand the role of TIP60 SUMO2 modification in DNA damage repair, the TIP60 WT or K430R mutant vectors were transfected and stably expressed in the TIP60 knockdown HeLa or MD231 cells to rescue the TIP60 function. Then, we examined γH2AX foci formation, a typical marker of DNA DSB. As shown in [Fig. 5 (A and B)](#F5){ref-type="fig"}, as compared with TIP60 WT cells, TIP60 K430R mutant--expressing cells displayed an elevated level of residual γH2AX foci 4 hours or longer after 4-Gy γ-ray irradiation, suggesting that TIP60 K430 SUMO2 modification is necessary for the efficiency of DNA DSB repair. Next, we examined how TIP60 K430 SUMO2 modification promotes DNA repair using integrated reporter assays for evaluating the activity of DSB repair pathways HR and NHEJ. We observed a significantly compromised activity of the HR pathway in TIP60 K430R mutant cells ([Fig. 5C](#F5){ref-type="fig"}). Conversely, TIP60 K430R mutation resulted in a minor increase in NHEJ activity ([Fig. 5D](#F5){ref-type="fig"}). The mutation of TIP60 K430R significantly sensitized the cells to olaparib, a PARP inhibitor ([Fig. 5, E and F](#F5){ref-type="fig"}), suggesting an important role of TIP60 K430 SUMO2 modification in the HR pathway. Besides, TIP60 K430R mutation resulted in compromised accumulation of DNA end resection biomarker RPA2, which is a critical event of producing the ssDNA end for the HR pathway ([Fig. 5, G and H](#F5){ref-type="fig"}).

![TIP60 K430 SUMO2 modification facilitates HR repair.\
(**A**) TIP60 K430R mutation decreases the efficiency of DNA DSB repair as shown by the increased residual γH2AX foci after 4-Gy irradiation. (**B**) Quantification of γH2AX foci. Data are means ± SD from three independent experiments (100 cells for each point were scored in each experiment). \**P* \< 0.05, \*\**P* \< 0.01. two-tailed Student's *t* test. Scale bar, 40 μm. (**C**) HR efficiency was determined using the direct repeat GFP (DR-GFP) reporter assay. (**D**) The NHEJ efficiency was determined using the EJ5-GFP reporter assay. BRCA1 or 53BP1 siRNAs were used as a positive or negative control, respectively. Data are means ± SD from three independent experiments. \**P* \< 0.01, two-tailed Student's *t* test. (**E** and **F**) TIP60 K430R mutation sensitizes cancer cells to the PARP inhibitor olaparib, measured by colony formation ability assay (E) and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) assay (F). SR50 represents the concentration for 50% cell growth inhibition (μM). Data are means ± SEM from three independent experiments. \**P* \< 0.05, two-way analysis of variance (ANOVA). (**G**) RPA2 accumulation at sites of 4-Gy--induced DNA damage. One hour after irradiation, cells were subjected to immunostaining of RPA2 antibody. (**H**) Quantification of γH2AX and RPA foci in the cells 1 hour after 4-Gy irradiation. Data are means ± SD from three independent experiments (50 cells in each experiment). \**P* \< 0.05, two-tailed Student's *t* test.](aba7822-F5){#F5}

To test whether TIP60 K430R mutant impairs its acetylase activity, the acetylation of histone H4K16 site, and ATM, DNA-PKcs was detected by immunoprecipitation and Western blotting assays. The result showed that, because of the acetylation of H4K16 and ATM, DNA-PKcs was increased in both asynchronized TIP60 WT and K430R mutant cells in response to DNA damage. However, the radiation-induced acetylation of DNA-PKcs, but not histone H4 and ATM, was attenuated in S-phase cells, and this attenuation of DNA-PKcs acetylation in S phase could be recovered by TIP60 K430 mutant ([Fig. 6A](#F6){ref-type="fig"}). However, how TIP60 K430 SUMO2 modification regulates HR efficiency by inhibiting TIP60 and DNA-PKcs interaction is still unknown. The phosphorylation of DNA-PKcs S2056 is critical for maintaining its activity in NHEJ ([@R29]). It has been reported that DNA-PKcs S2056 phosphorylation is attenuated in S-phase cells ([@R30]). We wonder whether the alteration TIP60 and DNA-PKcs interaction plays a role in the process. Then, we examined DNA-PKcs phosphorylation in the S phase of TIP60 WT and TIP60 K430R mutant cells. The results indicated that the phosphorylation of DNA-PKcs S2056 and T2609 as well as ATM S1982 was all increased by irradiation in the asynchronized cells ([Fig. 6B](#F6){ref-type="fig"}). However, in the S-phase cells, the radiation-induced phosphorylation of DNA-PKcs S2056, but not DNA-PKcs T2609 and ATM S1981, was attenuated ([Fig. 6B](#F6){ref-type="fig"}). TIP60 K430R mutant recovered the radiation-induced phosphorylation of DNA-PKcs S2056 in S-phase cells to the same level of that in asynchronized cells. We then performed immunofluorescent staining assay using the PCNA as the marker of S-phase cells and found that the DNA-PKcs S2056 phosphorylation was much lower in the TIP60 WT S-phase cells than in the non--S-phase cells, which was largely recovered in TIP60 K430R mutant S-phase cells ([Fig. 6, C and D](#F6){ref-type="fig"}). These results indicated that TIP60 K430 SUMO2 modification facilitates the choice of the HR pathway in S-phase cells by inhibiting the activity of the critical component DNA-PKcs of the NHEJ pathway.

![TIP60 K430 SUMO2 modification leads to DNA-PKcs activity inhibition in S phase.\
(**A**) Effect of TIP60 K430R mutation and cell cycle on the acetylation of DNA-PKcs, ATM, and H4K16ac. The cells were synchronized or not to S phase and irradiated with 4 Gy. The cells were lysed 1 hour after irradiation and subjected to Co-IP assay with indicated antibodies and then to Western blotting with indicated antibodies. (**B**) Effect of TIP60 K430R mutation and cell cycle on the phosphorylation of DNA-PKcs S2056, T2609, and ATM S1981. The cells were synchronized or not to S phase and irradiated with 4 Gy. Cells were lysed 1 hour after irradiation and detected by Western blotting with indicated antibodies. (**C** and **D**) TIP60 WT and TIP60 K430R mutant HeLa cells were irradiated with 4 Gy, and 1 hour after irradiation, cells were harvested and immunostained with indicated antibodies. Quantification (D) is the mean ± SD from three independent experiments (50 cells in each experiment). \**P* \< 0.05, two-tailed Student's *t* test.](aba7822-F6){#F6}

Targeting TIP60 K430 SUMO2 modification improves the outcome of cancer therapy of irradiation and DNA damage drugs
------------------------------------------------------------------------------------------------------------------

TIP60 K430R mutant impaired DNA damage repair by disrupting the HR efficiency. We consider whether TIP60 K430R mutation can prompt the apoptosis of cancer cells after irradiation. We found that the apoptosis percentage of TIP60 K430R mutant of cancer cells increased markedly after treatment with IR, PARPi olaparib, or the combination ([Fig. 7, A and B](#F7){ref-type="fig"}). The colony formation assay of HeLa cells ([Fig. 7C](#F7){ref-type="fig"}) and MD231 cells ([Fig. 7D](#F7){ref-type="fig"}) confirmed that TIP60 K430R mutant cancer cells were extremely sensitive to PARPi. We also found that TIP60 K430R mutation sensitized HeLa ([Fig. 7E](#F7){ref-type="fig"}) and MD231 cells ([Fig. 7F](#F7){ref-type="fig"}) to other DNA-damaging agents, including camptothecin, mitomycin C, and hydroxyurea. Last, we performed the tumor growth assay by using the tumor-harboring naked mice; the data showed that the growth of tumors derived from the TIP60 K430R mutant cancer cells was inhibited much more markedly by the treatment of irradiation and PARPi as compared to the tumor derived from TIP60 WT cancer cells ([Fig. 7, G to I](#F7){ref-type="fig"}).

![TIP60 K430 SUMO2 modification is a new potential target for cancer therapy of both DNA damage drugs and irradiation.\
(**A**) Flow cytometric histograms of apoptosis detection. The TIP60 WT and K430R mutant HeLa cells were treated with 1 μM olaparib or 4-Gy γ-ray irradiation or the combination. Apoptosis was detected at 24 hours after treatments. (**B**) Quantification of apoptosis induction. Data are means ± SD from three independent experiments. *P* \< 0.05, as compared with the wild-type group TIP60 WT group. (**C** and **D**) Survival of TIP60 WT and TIP60 K430R mutant HeLa (C) and MBA-MD231 (D) cells exposed to γ-rays with or without the combination of olaparib treatment. Data are means ± SD from three independent experiments. \**P* ≤ 0.05. (**E** and **F**) Sensitivity of TIP60 WT and TIP60 K430R mutant HeLa (E) and MBA-MD231 (F) cells to DNA damage or replication stress--inducing agents was determined by MTS assays. Data are means ± SD from three biological triplicates. \**P* \< 0.05, \*\**P* \< 0.01. (**G** to **I**) Tumorigenicity of TIP60 WT and TIP60 K430R mutant HeLa cells in nude mice. TIP60 WT (0.1 ml; 2 × 10^6^ cells) or TIP60 K430R mutant HeLa cells were injected into each nude mouse. Three days later, mice were treated as indicated in Materials and Methods. Tumor growth was measured and compared every 3 days. Four weeks after injection, the mice were sacrificed, and the tumor samples were collected and weighed. Data are means ± SD. \**P* \< 0.05. Photo credit: Shanshan Gao, Department of Radiation Biology, Beijing Institute of Radiation Medicine.](aba7822-F7){#F7}

DISCUSSION
==========

Both TIP60 and DNA-PKcs play important roles in cellular DDRs ([@R29]). Although there was previously a report implying the interaction between TIP60 and DNA-PKcs ([@R21]), here, we found that the interaction of TIP60 and DNA-PKcs was markedly attenuated in the S phase of cells. In the present report, we presented our major findings regarding the SUMOylation of TIP60, its regulation of its interaction with DNA-PKcs and DNA damage repair, and its practical significance in cancer therapy of radiation and PARPi agents. Our research demonstrates that the SUMO2 modification of TIP60 at the K430 site regulates the choice of HR and NHEJ pathway of DNA DSB repair in S phase. In addition, targeting TIP60 K430 SUMO2 modification sensitizes cancer cells' response to irradiation and PARP inhibition. Mechanistically, TIP60 K430 SUMO2 modification inhibits the interaction between DNA-PKcs and TIP60 in S phase, consequentially decreases the phosphorylation of DNA-PKcs S2056, and facilitates DSB end resection to generate the ssDNA and initiate the error-free HR repair. Accordingly, TIP60 K430 SUMO2 modification is essential for DNA damage repair in vivo. Moreover, TIP60 K430 mutant of cancer cells demonstrates aberrant high DNA-PKcs activity (increased S2056 autophosphorylation) in S phase and results in deficiency of the HR pathway activity, highly implying the crucial importance of appropriately controlling and regulating the DNA-PKcs activity in coordinating with cell cycle progression in response to DNA damage.

TIP60 promotes DNA-PKcs and ATM activity in response to DNA damage ([@R21], [@R31]). It was assumed that restriction of DNA-PKcs activity in S phase is important to initiate DSB end resection for preferential choice of the HR pathway of DNA DSB repair ([@R32], [@R33]). Here, we provided new evidence to illustrate the underlying mechanism of how DNA-PKcs activity is restricted in S-phase cells. DNA-PKcs is phosphorylated on more than 40 sites including at a number of phosphorylation clusters in response to DSBs, in which the best characterized are the Ser^2056^ and Thr^2609^ phosphorylation clusters ([@R34]). Both the Ser^2056^ and Thr^2609^ clusters are the sites of DNA-PKcs autophosphorylation, whereas the T2609 cluster is primarily targeted by ATM or the ataxia telangiectasia mutated and Rad3 related (ATR), suggesting that these two clusters are distinct. Mutagenesis studies revealed that the two clusters may have opposing roles with regard to the regulation of DNA end processing ([@R35]). Further evidence that the S2056 phosphorylation limits DNA end resection therefore promotes NHEJ, whereas the phosphorylation of T2609 improves the HR efficiency by facilitating the resection. It has also been reported that DNA-PKcs could inhibit ATM activity by directly phosphorylating ATM at T86/T373 and T1985/S1987/S1988 sites. In contrast, ATM also phosphorylates DNA-PKcs at residues T2609 and T2647 to abolish the inhibition ([@R36], [@R37]). Furthermore, phosphorylation-defective mutant of DNA-PKcs at the T2609 cluster markedly reduces the DSB end resection ([@R38]). Increasing evidence has shown that HR is most active in the S phase ([@R39]). Previous studies reported that the BRCA1 C-terminal BRCT domain binds to the DNA-PKcs S2056 cluster in S phase to inhibit DNA-PKcs S2056 phosphorylation, and blocking phosphorylation of these sites results in an increase in DNA end resection and recruitment of HR proteins to IR-induced DSBs ([@R30]). Here, we found that TIP60 K430 SUMO2 modification is increased in S phase after DNA damage induced by IR, which abates the interaction of DNA-PKcs and TIP60 and therefore affects DNA-PKcs activity. In TIP60 K430R mutant cells, DNA-PKcs S2056 phosphorylation is aberrantly increased, resulting in attenuation of DSB end resection and HR. Therefore, changes of TIP60-mediated DNA-PKcs activity in the S phase and non--S phase coordinate together to control DSB repair pathway choice and DNA end resection of HR.

PARP inhibitors have been designed and tested for many years and became new class of chemotherapeutic agents directed at targeting cancers with BRCA mutations and HR defect ([@R40]). Searching for new biomarkers that can efficiently identify tumors that are sensitive to PARP inhibitor treatment would widen the prospective patient population benefit from PARPi. Perhaps, the novel mechanism, revealed in the present study, that regulates HR and NHEJ pathway choice also affects PARP inhibitor response. Here, we found that TIP60 K430 SUMO2 modification affected HR activity and cancer cell response to PARP inhibitor as well as IR. We brought new insights into cancer therapy with TIP60 SUMO2 modification defect mutations. Expanding and identifying populations that carried TIP60 SUMO2 modification defect mutations affecting its functions in HR may result in improved clinical outcomes.

In summary, our study demonstrates that TIP60 K430 SUMOylation regulates its interaction with DNA-PKcs and affects the latter's activity, which plays an important role in giving preference to the choice of HR pathway--dependent repair of DSBs in S phase. This work will also provide new strategies for the development of highly specific anticancer therapies targeting DNA-PKcs and HR-dependent processes.

MATERIALS AND METHODS
=====================

Cell culture and transfection
-----------------------------

HEK-293T, MD231, U2OS, and HeLa cells were purchased from the American Type Culture Collection (ATCC). HeLa cells were synchronized by double-thymidine block to obtain an enriched population of G~1~, S, and G~2~-M cells or left untreated for asynchronous cells. All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) at 37°C in 5% CO~2~. All transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction.

RNA interference target sequences
---------------------------------

siRNAs were synthesized by GenePharma. For siRNA transfection, cells were transfected twice at 24-hour interval with the indicated siRNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The sequences of siRNAs against human TIP60 were AAGCAGGCAUCUGCAGCAUCCdTdT and GGUGUAGGUAACAGGACAUdTdT. The other siRNA sequences were as follows: PIAS4-siRNA1, UCCAGUGAAUCCUUGAGGUdTdT; PIAS4-siRNA2, CAACAAGCCUGGUGUGGAAdTdT; SENP3-siRNA1, GGCGUGUCAGUUGAUGAAAdTdT; SENP3-siRNA2, CUGGAAAGGUUACAAAdTdT; 53BP1-siRNA, GAGAGCAGAUGAUCCUUUAdTdT; and BRCA1-siRNA, CAGCUACCCUUCCAUCAUAUUdTdT. The target sequences of short hairpin RNAs (shRNAs) were as follows: human TIP60, AAGCAGGCATCTGCAGCATCC and GGTGTAGGTAACAGGACATAT.

Clonogenic survival assay
-------------------------

HeLa and MD231 cells stably expressing TIP60 WT or TIP60 K430R mutant were plated in 60-mm dishes. Six hours later, cells were treated with olaparib or irradiation with indicated doses. Cells were incubated in 4-ml medium and cultured for 2 weeks to allow colony formation. Cells were stained with 0.5% crystal violet in phosphate-buffered saline (PBS) with 20% methanol, and colonies with \>50 cells were counted.

Antibodies and constructs
-------------------------

The following antibodies were used: anti-HA (H9658; dilution: 1:1000 for Western blotting and 1:500 for immunoprecipitation; Sigma), anti-Flag (F3165; 1:1000 for Western blotting and 1:500 for immunoprecipitation; Sigma-Aldrich), anti-γH2AX (05-636; 1:1000 for Western blotting and 1:500 for immunofluorescence; Millipore), anti-TIP60 (sc-16323; 1:1000 for Western blotting and 1:500 for immunoprecipitation; Santa Cruz Biotechnology), anti-PIAS4 (ab58416; 1:1000 for Western blotting; Abcam), anti-SENP3 (ab124790; 1:1000 for Western blotting, Abcam), anti-RPA2 (ab76420; 1:500 for immunofluorescence; Abcam), DNA-PKcs (ab32556; 1:1000 for Western blotting and 1:500 for immunoprecipitation; Abcam), DNA-PKcs pS2056 (18192; 1:1000 for Western blotting and 1:500 for immunofluorescence; Abcam), ATM (sc-135663; 1:1000 for Western blotting; Santa Cruz Biotechnology), and ATM pS1981 (ab81292; 1:1000 for Western blotting; Abcam).

TIP60 full-length complementary DNA (cDNA) or truncated mutants were subcloned into pcDNA3.1-Flag vector. TIP60 full-length cDNA and T5 truncated mutants were cloned into GST-pET-4T-1 and His-pET vector for GST and His-tagged TIP60 expression. Truncated Flag--DNA-PKcs overexpression plasmids were gifts from Z. Shang. The GST--DNA-PKcs H domain was cloned into pET-4T-1 for GST-tagged expression. SENP3 and PIAS4 full-length cDNAs were subcloned into HA-PCMV and His-pET vector. For site-directed mutagenesis of TIP60 K430R, K451R, K430R K451R, TIP60 shRNA--resistant, SENP3 siRNA1--resistant, and PIAS4 siRNA1--resistant mutants, a QuikChange Mutagenesis kit (Stratagene) was used according to the manufacturer's protocol and then confirmed by sequencing.

Co-IP and Western blotting
--------------------------

For Co-IP assay, cells were lysed in NETN buffer \[100 mM NaCl, 20 mM tris-Cl (pH 8.0), 0.5 mM EDTA, 0.5% (v/v) NP-40, 1× cocktail protease inhibitor\] and maintained under constant agitation for 30 min at 4°C followed by centrifugation for 10 min at 4°C. Then, the cells were incubated with indicated antibodies or beads for 6 hours at 4°C and washed three times with NETN buffer. The samples were separated by SDS--polyacrylamide gel electrophoresis (SDS-PAGE) and detected with indicated antibodies. For Western blot, cells were lysed in NETN buffer and maintained under constant agitation for 30 min at 4°C. Samples were separated by SDS-PAGE and detected with indicated antibodies.

Immunofluorescence
------------------

Cells were cultured on coverslips and treated with 4 Gy of IR. The cells were washed three times with ice-cold PBS 1 hour after IR and then incubated with 4% paraformaldehyde at room temperature for 15 min. The cells were subsequently permeabilized with PBS containing 0.5% Triton X-100 at room temperature for 10 min and blocked with 10% FBS in PBS at room temperature for 1 hour. Then, cells were incubated for 1 hour with primary antibodies at room temperature. Cells were subsequently washed three times with PBS and then incubated with secondary antibodies. Then, 4′,6-diamidino-2-phenylindole (DAPI) staining was performed. Slides were imaged using a Zeiss LSM800 fluorescence microscope.

Flow cytometry
--------------

Cells were trypsinized and washed with ice-cold PBS. For analysis of the cell cycle, cells were fixed in ice-cold 70% ethanol overnight at −20°C and then centrifuged at 1000 rpm at 4°C for 5 min, and pellets were suspended in 500 ml of PBS containing propidium iodide (100 mg/ml) and ribonuclease (10 mg/ml) for 30 min at room temperature. For analysis of apoptosis, the Annexin V-FITC Apoptosis Detection Kit (Beyotime) was used according to the manufacturer's instruction. Fluorescence-activated cell sorting (FACS) analysis was performed by flow cytometry, and the percentage of apoptotic cells and cells in the G~0~-G~1~, S, and G~2~-M phases of the cell cycle was analyzed by ModFit (version 2.0) software.

In vitro SUMOylation and deSUMOylation assay
--------------------------------------------

His-tagged TIP60, SENP3, and PIAS4 proteins were expressed and purified from *E. coli* BL21 cells. For the in vitro SUMOylation assay, the SUMOylation Assay Kit (ab139470) bought from Abcam was used according to the manufacturer's protocol. Briefly, the regents and purified proteins were mixed as indicated and incubated at 37°C for 2 hours, and then the samples were incubated at 65°C for 30 min to quench the reaction and inactivate PIAS4. For the deSUMOylation reaction, purified SENP3 protein was incubated with the samples mentioned above at 37°C for 2 hours. Last, samples were separated by SDS-PAGE and analyzed by Western blot.

Generation of TIP60 WT and TIP60 K430R mutant cell lines
--------------------------------------------------------

To generate the TIP60 WT and TIP60 K430R mutant cell lines, HeLa and MD231 cells were transfected with TIP60 shRNA lentivirus and selected by puromycin (1 μg/ml). Two weeks after transfection, the knockdown efficiency was detected by Western blotting. Then, TIP60 knockdown cell lines were transfected with Flag-pcDNA3.1-TIP60 WT or K430R shRNA--resistant plasmid and selected by G418 (0.5 mg/ml) for 1 month. Last, the cells were detected by Western blotting with TIP60 and Flag antibodies.

HR and NHEJ DNA repair assay
----------------------------

HR and NHEJ assays were used to determine the HR and NHEJ repair efficiency. The DNA repair assays were performed as previously described. Briefly, U2OS cells integrated with direct repeat GFP (DR-GFP) or EJ5-GFP reporters were infected with the indicated plasmid or siRNA. Then, cells were transfected with I-Scel and p-cherry expression vector. Doxycycline (DOX) was added to induce I-SecI expression. Forty-eight hours after DOX was added, the percentage of GFP- or RFP-positive cells was analyzed by FACS. HR and NHEJ efficiency were presented as the percentage of GFP- and RFP-positive cells. Repair frequencies presented are means ± SD of at least three independent experiments.

GST pull-down assay
-------------------

For the TIP60, TIP60(404-471aa), or DNA-PKcs-H GST pull-down assays, the fragment fusion proteins were expressed in BL21 *E. coli* and then purified on glutathione Sepharose 4B beads. Purified fusion proteins were incubated with cell lysates or protein samples at 4°C for 6 hours. The samples were separated by SDS-PAGE and analyzed by Western blotting.

Cell viability assay
--------------------

HeLa and MD231 cells integrated with TIP60 WT or TIP60 K430R mutant were plated onto 96-well plates (2000 cells per well) and, 6 hours later, treated with camptothecin, hydroxyurea (HU), cisplatin, or PARPi as indicated. Two days later, the viability of the cells was determined using the CellTiter-Blue reagent (Promega). Data were presented as means ± SD of at least three independent experiments.

Tumorigenicity experiment
-------------------------

All experiments were performed with 4-week-old female CD1 nude mice (Beijing Vital River) under specific pathogen--free condition. TIP60 WT and TIP60 K430R mutant HeLa cells were digested with 0.25% trypsin and washed twice with PBS, and the cell concentration was adjusted to 2 × 10^7^cells/ml with PBS. Then, 0.1-ml cell solution was injected into both flanks of nude mice (five mice for each group). Three days later, mice were locally irradiated with 15 Gy alone or in combination with olaparib. We observed the growth of the tumors every 3 days. About 4 to 5 weeks after injection, the tumors were removed and the weights of the tumors were calculated. The animal experiments proceeded in accordance with the Laboratory Animal Guideline of Welfare and Ethics (GB/T 35892-2018) and were approved by the Animal Care and Use Committee at the Military Academy of Medical Sciences.
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